Novel zinc tetranitro-phthalocyanine (ZnTNPc) supported by multi-walled carbon nanotubes hybrid composites were facilely prepared by a method of ultrasonic impregnation and their photocatalysis behavior was studied. The as-prepared ZnTNPc-MWCNTs composites were characterized by scanning electron microscopy, Xray diffraction, diffuse reflectance spectra, transmission electron microscopy, thermogravimetric analysis, and the Fourier transform infrared spectra. The results showed that the ZnTNPc was not only grown on the multi-walled carbon nanotubes but also uniformly disturbed without aggregation. Compared with pure ZnTNPc and MWCNTs, ZnTNPc-MWCNTs nanocomposites presented a significantly enhanced photocatalytic activity for the degradation of rhodamine B under visible-light irradiation. Furthermore, a possible mechanism for the photodegradation of rhodamine B was also proposed.
Facile Synthesis and Characterization of Zinc Tetranitro Phthalocyanine-MWCNTs Nanocomposites with Efficient
Visible-Light-Driven Photocatalytic Activity 
Introduction
Photocatalysis for the degradation of organic pollutants has gained increasing attention as a promising technique [1] [2] [3] [4] . A large amount of photocatalytic materials have been investigated, including TiO 2 [5] [6] [7] , ZnO [8, 9] , CdS [10, 11] , g-C 3 N 4 [12, 13] , etc. Among the reported photocatalytic materials, multi-walled carbon nanotubes (MWCNTs) as a novel metal free photocatalyst support have good photocatalytic performance under visible-light irradiation [14, 15] , and it also demonstrates the property of low cost, non-toxicity, and thermal stability [16] . Therefore, MWCNTs have been widely used in the degradation of organic pollutants and the direct production of clean hydrogen. On the other hand, since the chemical bonding of MWCNTs is solely via sp 2 bonds similar to those of graphite, the high-level electron mobility and electrical conductivity of MWCNTs allow them to use as supports for macrocyclic organic catalysts such as metalloprophyrins and metallophthalocyanines (MPcs). Hence, there is a need to develop an efficient visible light responsive photocatalyst to extend its spectral response to higher absorption wavelength.
Phthalocyanines, especially those metal phthalocyanines, could be referred to as attractive alternatives for the visible-light-included photocatalytic decomposition of dye compounds [17] [18] [19] [20] [21] . Photoactivity of phthalocyanines arises from their ability to produce the high active 1 O 2 singlet oxygen species upon photonflux absorption in either UV or visible parts of the spectrum. This singlet oxygen is formed during the extinction mechanism of the excited triplet state, following its collision with molecular O 2 . In addition, besides this property, metallophthalocyanines revealed extraordinary molecular stability, negligible toxicity and high thermal stability. The nanoscale particles could enhance the photocatalytic activity. Zinc phthalocyanine (ZnPc) and its derivatives possess a wide visible light response (600-800 nm) [22] [23] [24] . They can be synthesized with different substituent groups and combined with other compounds by loading or coordination. The synthetic flexibility of phthalocyanines offers great possibilities to modify the length of the connection groups and the positions of substituted groups [25] . Furthermore, zinc phthalocyanine is able to photochemically activate triplet oxygen into singlet oxygen ( 1 O 2 ), which is frequently used as a non-radical oxidant for oxidizing organic pollutants [26] . However, metallophthalocyanines are easy to aggregate, leading to markedly decrease the catalytic activity. Therefore, combining the photoresponsive property of both MWCNTs and ZnTNPc to prepare a photocatalyst with favorable dispersibility and higher photocatalytic activity seems to be extraordinarily vital.
In the present study, the ZnTNPc-MWCNTs hybrid materials were prepared by an ultrasonic impregnation method. The photocatalytic performance of asprepared ZnTNPc-MWCNTs nanocomposites was evaluated by the degradation of rhodamine B (RB) under visible-light irradiation (> 420 nm). It was found that the ZnTNPc-MWCNTs photocatalysts could significantly enhance photocatalytic activity. Furthermore, a (785) possible mechanism for enhancing photocatalytic activity of ZnTNPc-MWCNTs was also discussed.
Experimental

Synthesis of ZnTNPc
All chemicals were reagent grade and used without further purification. In a typical preparation procedure, 3.828 g (4 mmol) 3-nitrophthalonitrile, 1.835 g (1 mmol) zinc acetate, 1-pentanol (100 ml) and DBU (1.5 ml) were put into a three-necked 100 ml round bottom flask. The mixture was then stirred at 130
• C for 6 h. After reaction the reaction mixture was diluted with methanol and the precipitate was filtered off. Finally, the purified ZnTNPc (its structure formula is shown in Fig. 1 ) was obtained after washing by 1 mol/L NaOH and 1 mol/L HCl. 
Preparation of ZnTNPc-MWCNTs hybrid materials
The ZnTNPc-MWCNTs hybrid materials were prepared via a method of ultrasonic impregnation. Before preparing the ZnTNPc-MWCNTs hybrid materials, multi-walled carbon nanotubes must be purified in order to remove amorphous carbon fibers, amorphous carbon particles and other impurities such as graphite particles. In brief, 2 g of MWCNTs was grinded in the agate mortar for 20 min, and then added to 100 ml of concentrated nitric acid, sonicated for 30 min to obtain a well dispersed MWCNTs solution. The suspension was magnetically stirred and regurgitated at 120
• C for 10 h, then cooled down to room temperature naturally, washed with absolute ethanol and distilled water repeatedly, then dried under vacuum at 60
• C for 12 h to obtain the carboxylic acid-functionalized MWCNTs. The synthesis procedure of ZnTNPc-MWCNTs is as follows: 0.4 g ZnTNPc were added into 100 ml ethanol under magnetic stirring. Then 0.1 g oxidized-MWCNTs were added and sonicated for 2 h. The mixture solution was then centrifuged and the supernatant was collected. Finally, the ZnTNPcMWCNTs were obtained after dried in a vacuum at 80
• C for 4 h.
Characterization
XRD analyses were carried out with a Rigaku D/Max-2500PC X-ray diffractometer (Rigaku Co.,Japan), using a graphite crystal monochromator to select the Cu K α1 radiation source at λ = 1.5406 Å, with a step size of 0.02 s −1 . Morphologies of the prepared samples were observed on a JSM-6360LA scanning electron microscope (SEM, JEOL, Japan) and a JEM-2100 transmission electron microscope (TEM, JEOL, Japan). UV-vis diffuse reflectance spectra (DRS) of the samples were recorded by a UV-vis spectrophotometer (Shimadzu UV-2550). Fourier transform infrared spectra (FT-IR) of samples were collected with a Nicolet (Protégé 460) spectrometer in the range from 500 to 4000 cm −1 . The thermal stability of the materials was carried out using the TG-209-F3 thermogravimetric analysis meter (Nestal Company, Germany).
Photocatalytic test
The photoreactor was designed with an internal xenon lamp (XHA 1000 W and the average intensity was 28 mW/cm
2 ) equipped with a cut-off glass filter transmitting > 400 nm surrounded by a water-cooling quartz jacket to cool the lamp, where a 100 mL aliquot of the RB solution with an initial concentration of 25 mg/L in the presence of ZnTNPc-MWCNTs hybrid catalysts (50 mg). The volume of initial RB solution is 50 ml. The solution was stirred in the dark for 30 min to obtain a good dispersion and established adsorption-desorption equilibrium between the organic molecules and the catalyst surface. Decreases in the concentrates of dyes were analyzed by a UV-vis spectrometer (UV759, Shanghai Precision & Scientific Instrument Co., Ltd., China). At given intervals of illumination, the samples of the reaction solution were taken out and analyzed.
Results and discussion
The powder XRD patterns of the ZnTNPc, MWCNTs, and ZnTNPc-MWCNTs composites are shown in Fig. 2 . Compared with pure ZnTNPc, the diffraction peaks of the ZnTNPc-MWCNTs were broad and weak, indicating a small crystal size or poor crystallinity of ZnTNPc in the ZnTNPc-MWCNTs hybrid materials. Notably, compared to pure ZnTNPc, the characteristic peaks of the ZnTNPc-MWCNTs became weak because the ZnTNPc particles were well dispersed on the surface of MWCNTs. Moreover, all of the diffraction peaks of ZnTNPcMWCNTs could be indexed as ZnTNPc. Therefore, the XRD patterns indicated that the hybrid catalysts of ZnTNPc-MWCNTs were prepared successfully. Figure 3 shows the SEM images of oxidized-MWCNTs and ZnTNPc-MWCNTs hybrid materials. The SEM image of ZnTNPc-MWCNTs hybrid materials showed an appreciable increase in thickness (Fig. 2b) , confirming the formation of nanohybrids. It can be seen clearly that ZnTNPc particles are well dispersed in each threadlike MWCNTs matrix (Fig. 3b) , showing good miscibility with MWCNTs.
The TEM morphological features of the oxidizedMWCNTs, ZnTNPc-MWCNTs and pure ZnTNPc are shown in Fig. 4 . It was found that each oxidizedMWCNTs was mainly long and folded pipe and its diameter was in the range of 20-30 nm (Fig. 4a) . The resulting ZnTNPc-MWCNTs hybrid materials exhibited a stretched and shortened feature with phthalocyanines uniformly assembling on the convex surface of MWCNTs (Fig. 4b) . However, pure ZnTNPc exhibited poor dispersibility with clusters congregated while the density of ZnTNPc on the MWCNTs was improved (Fig. 4c) .
The ZnTNPc-MWCNTs can be further confirmed by UV-vis diffuse reflectance spectra. As shown in Fig. 5 , the UV-vis diffuse reflectance spectra of ZnTNPc showed a good absorption on the wavelength of light about 468 and 628 nm. The ZnTNPc-MWCNTs composites showed much broader and weaker absorption band through the entire visible-light region, which may be attributed to the deaggregation of ZnTNPc immobilized on the surface of MWCNTs.
The FTIR spectra of oxidized-MWCNTs, ZnTNPc, and ZnTNPc-MWCNTs are shown in Fig. 6 . Carboxylic acid-functionalized MWCNTs showed two strong absorp- The thermal stability of ZnTNPc-MWCNTs was further estimated by thermogravimetric analysis (Fig. 7) . The ZnTNPc shows a characteristic thermogram with the first weight loss occurring between 300 To test the photocatalytic activity of ZnTNPcMWCNTs hybrid materials for the degradation of organic pollutions, RB was selected as a representative dye pollutant of industrial waste waters. The photocatalytic activities of the ZnTNPc-MWCNTs hybrid materials were evaluated by the degradation of RB in aqueous solution under visible-light irradiation. Before studying and comparing the activities of the ZnTNPc-MWCNTs hybrid materials, the bleaching of RB in the absence of any catalysts was first examined. As shown in Fig. 8 , RB degradation without any photocatalyst was performed, and the results illustrated that the degradation of RB was very slow in the absence of photocatalyst under visible-light irradiation, only 1% of RB was degraded under the irradiation with visible light. Next, the photocatalytic activities of MWCNTs were investigated. It can be clearly seen that the MWCNTs had almost no photocatalytic activity under the visible-light irradiation, except decent adsorption for RB (13.6%), which could attributed to the high specific surface area of the carbon nanotubes. Irradiation of aqueous solutions of RB (25 mg/L) after the ZnTNPc immobilized onto MWCNTs led to an obvious decrease of RB concentration. The excellent photoactivity depended on the structure of the immobilized phthalocyanines, implying that the degradation of RB was initiated by its reaction with the reactive oxygen species produced upon exciting the phthalocyanines with the appropriate wavelength of light. On the other hand, pure ZnTNPc barely showed activity for RB photodegradation (53.7%) due to the aggregation of ZnTNPc decreased the photoactivity, while ZnTNPc-MWCNTs demonstrates good photocatalytic activity with a degradation rate of 0.3492 h −1 . The linearity of plots of ln(C 0 /C t ) against time (from the kinetic regime) (Fig. 9) suggested that the degradation of RB using the pure ZnTNPc or ZnTNPcMWCNTs followed the pseudo-first order kinetics, here C 0 is the equilibrium concentration of RB after 30 min dark adsorption, C t is the RB concentration remaining in the solution at irradiation time (min), and k is the observed rate constant. The introduction of MWCNTs promoted the degradation of RB effectively. The k value was 0.3492 h −1 , which was 3.3 and 149 times higher than that of pure ZnTNPc (0.081 h −1 ) and MWCNTs (0.00232 h −1 ), respectively. Obviously, the coupling of ZnTNPc and MWCNTs by the method of ultrasonic impregnation created an excellent hybrid photocatalyst. The enhanced photoactivity may be ascribed to the improvement in charge transmission between the MWCNTs and ZnTNPc prolonging the lifetime of charge carriers. Moreover, the photoactivity of the hybrid photocatalyst was also affected by the surface contact between particles. The ZnTNPc-MWCNTs hybrid materials had higher contact interfaces between ZnTNPc and MWCNTs, resulting in higher photocatalytic efficiency. Table I shows the photocatalytic activity of asprepared of ZnTNPc-MWCNTs hybrid photocatalyst by comparison of the metallophthalocyanine and other metal photocatalysts. It was found that 93% of the RB was degraded under the visible-light irradiation with ZnTNPc-MWCNTs as photocatalyst, confirming that the as-prepared ZnTNPc-MWCNTs hybrid materials showed good photocatalytic performance.
(4) In heterogeneous reaction for ZnTNPc-MWCNTs hybrid materials under visible-light irradiation, the generation of singlet oxygen is an adopted photocatalytic mechanism [17] . On the basis of the above results and the earlier reports on the photocatalytic oxidation of pollutants, a proposed mechanism of visible lightinduced photodegradation of RB with the ZnTNPcMWCNTs hybrid materials is elucidated in Fig. 10 (4)).
Conclusions
In summary, novel ZnTNPc-MWCNTs hybrid materials were facilely prepared through a simple and effective ultrasonic impregnation route. Furthermore, the ZnTNPc-MWCNTs exhibited excellent photocatalytic activities for RB under visible-light irradiation. The asprepared ZnTNPc-MWCNTs powders displayed much higher visible-light photocatalytic activity than pure ZnTNPc or MWCNTs under visible light irradiation. A possible photocatalytic mechanism for "singlet oxygen process" was suggested. Hence, ZnTNPc-MWCNTs can be considered as potent catalyst that can be utilized for the waste water treatment process in real time applications.
